The function of the N-terminal region of elongation factor Tu is still unexplained. Until recently, it has not been visible in electron density maps from x-ray crystallography studies, but the presence of several well conserved basic residues suggest that this part of the molecule is of structural importance for the factor to function properly. In this study, two lysines at positions 4 and 9 were mutated separately to alanine or glutamate. The resulting four point mutants were expressed and purified using the pGEX system. The untagged products were characterized with regard to guaninenucleotide interaction, intrinsic GTPase activity, and binding of aminoacyl-tRNA (aa-tRNA). The results show that Lys 9 is especially strongly involved in the association with guanine nucleotides and the binding of aatRNA. Also Lys 4 plays a role in the association of GDP and GTP and is also of some importance in aa-tRNA binding. Our results are discussed in structural terms with the conclusion that a complex network of interactions across the interface between domains 1 and 2 with Lys 9 being a key residue seems to be important for the fine tuning of the dimensions of the cleft accommodating the acceptor end of aa-tRNA as well as delineating the structure of the effector region.
Elongation factor Tu (EF-Tu) 1 is engaged in the elongation step of protein biosynthesis with the main function of transporting aminoacylated tRNA (aa-tRNA) to the A site of the mRNA-programmed ribosome. EF-Tu is a G-binding protein capable of binding either GTP or GDP. EF-Tu must be in its GTP-bound form to bind aa-tRNA. When proper codon-anticodon interaction is established at the A site, EF-Tu hydrolyzes the bound GTP to GDP, whereby a conformational change is induced in EF-Tu. Thus EF-Tu looses its affinity for aa-tRNA and the ribosome and dissociates, whereas aa-tRNA remains bound, allowing the attached amino acid to be incorporated into the growing polypeptide chain. The elongation factor Ts is responsible for the reactivation of EF-Tu because it acts as a nucleotide exchange factor (for a review see Ref. 1) .
EF-Tu is well characterized both biochemically and structurally. During recent years the structures of the following forms of EF-Tu have been solved using x-ray crystallography: EFTu⅐GDP (2-4), EF-Tu⅐GDPNP (5, 6), EF-Tu⅐EF-Ts (7) , and the ternary complex, EF-Tu⅐GDPNP⅐aa-tRNA (8) . These structures show that the EF-Tu molecule is composed of three structural domains, of which domain 1 binds the guanine nucleotide. Both intra-and inter-domain rearrangements during the elongation cycle of EF-Tu are responsible for the allosteric behavior of the elongation factor.
Despite the wealth of information about EF-Tu, the role of the N-terminal region of elongation factor Tu remains unknown. This region of EF-Tu, comprising the first 10 amino acids of the protein, contains several conserved basic residues. The lysines at positions 2 and 4 are semi-conserved among prokaryotes. Arginine 7 is more than 98% conserved among prokaryotes, whereas the eukaryotic counterpart of EF-Tu, EF-1␣, has a 100% conserved lysine at this position. Finally, lysine 9 is fully conserved among all known EF-Tu and EF-1␣ species. Moreover, electron density maps of the EF-Tu⅐GDP and the EF-Tu⅐EF-Ts complexes have a very low resolution in this part of the crystal structures, indicating that the N-terminal region is a flexible part of the molecule.
The conservation of these residues along with the ability of aa-tRNA to protect the residues against chemical modification (9) made them likely candidates to bind the negatively charged phosphate backbone of tRNA. This idea was supported by comparing the structures of the GDP and GTP forms of EF-Tu. This revealed that a positively charged cleft with the size of an RNA helix was created between domains 1 and 2 in the neighborhood of the N-terminal upon binding of GTP (10) . Now the structure of the ternary complex has been solved ( Fig. 1) (8, 11) , and it confirms the accommodation of the acceptor stem of tRNA by the cleft.
We decided to study the role of the basic residues of the N-terminal region in more detail using a protein engineering approach. The residues, Lys 4 and Lys
9
, were changed into alanine or glutamate by site-directed mutagenesis. The resulting four recombinant proteins, K4E, K4A, K9A, and K9E, were expressed, purified, and characterized in various assays to increase our knowledge about this baffling part of the elongation factor.
EXPERIMENTAL PROCEDURES
Construction, Expression, and Purification of Mutants-Site-directed mutagenesis was carried out using the Sculptor in vitro mutagenesis system from Amersham Life Science, which is based on the Eckstein procedure (12) . The template used was M13mp11tufA containing the tufA gene from Escherichia coli encoding EF-Tu positioned downstream of a stretch of nucleotides encoding the recognition site of the serine protease factor Xa (13) . The primers 5Ј-GTTCTAAAGAAGCATTTGA-ACG-3Ј, 5Ј-GTTCTAAAGAAGAATTTGAACG-3Ј, 5Ј-GAACGTACAGC-ACCGCACGTTA-3Ј, and 5Ј-GAACGTACAGAACCGCACGTTA-3Ј gave * This work was funded by the Danish Biotechnology Program (Protein Engineering Research Center and Center for Interaction, Structure, Function, and Engineering of Macromolecules) and the European Community Human Capital and Mobility Program. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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rise to the mutants K4A, K4E, K9A, and K9E, respectively. Clones containing the mutations of interest were identified by Sanger sequencing of single-stranded DNA (14) . BamHI fragments containing the mutated tufA genes and the nucleotides encoding the factor Xa recognition site were subcloned into the pGEX1 expression vector (15) . The continued presence of the mutations were verified by Sanger sequencing of double-stranded DNA (16) . The mutant tufA genes were expressed in the E. coli strain JM109 according to Ref. 13 with the exception that the temperature was 37°C at the point of innoculation and later lowered to 28°C upon induction. Protein purification was carried out as described (13) .
Protein Activity and Stability-The concentration of active protein capable of binding guanine nucleotides was determined as described by Miller and Weissbach (17) . The stability of the mutants were evaluated by following their irreversible heat denaturation. 0.5 M EF-Tu was mixed with 10 M [ 3 H]GDP (1100 dpm/pmol) in binding buffer (50 mM Tris-Cl, pH 7.6, 4°C, 100 mM NH 4 Cl, 50 mM KCl, 10 mM MgCl 2 , 1 mM dithiothreitol) and incubated for 90 min on ice. Hereafter, aliquots were incubated at different temperatures between 0 and 60°C for 20 min. 75-l samples were filtered through cellulose-acetate filters. The filters were washed three times with 1-ml aliquots of ice-cold wash buffer (10 mM Tris-Cl, pH 7.6, 4°C, 10 mM MgCl 2 , 10 mM NH 4 Cl), and the amount of bound nucleotide was measured in a scintillation counter. The assay was also performed with GTP in which case EF-Tu was activated with [ 3 H]GTP, phosphoenolpyruvate, and pyruvate kinase as described below.
Dissociation and Association of GDP/GTP-The apparent dissociation rate constants, k Ϫ1 , for GDP and GTP were determined as described (18) with the exception that the dissociation of [ 3 H]GTP was followed by isotopic dilution with 100-fold excess of unlabeled GDP over [ 3 H]GTP in GTPase buffer (50 mM Tris-Cl, pH 7.6, 4°C, 60 mM NH 4 Cl, 10 mM MgCl 2 , 1 mM dithiothreitol).
Nucleotide-free EF-Tu was prepared using the charcoal method essentially as described previously (19) . The exact concentration of active EF-Tu in the resulting supernatant was measured using the nucleotide binding assay. The efficiency of the charcoal method was confirmed using EF-Tu⅐[ 3 H]GDP as a substrate. The apparent association rate constant, k ϩ1 , for the reaction between nucleotide-free EF-Tu and GDP/GTP was determined as follows. 0.016 M nucleotide-free EF-Tu was mixed with 0.04 -0.08 M [ 3 H]GDP (5100 dpm/pmol) or 0.12-0.4 M [ 3 H]GTP (8650 dpm/pmol) in GTPase buffer. Samples containing 1.6 pmol EF-Tu were withdrawn, spotted on cellulose-acetate filters (which were washed with 3 ml of ice-cold wash buffer), and counted. Second-order kinetics was assumed in the following data processing. The [ 3 H]GTP was pretreated with phosphoenolpyruvate and pyruvate kinase prior to the assay to rephosphorylate traces of spontaneously hydrolyzed GTP.
Interaction with aa-tRNA-The tRNA was charged as follows: 40 M yeast tRNA Phe , 5 mM ATP, and 200 M [ 14 C]Phe (120 dpm/pmol) in charging buffer (0.1 M Tris-Cl, pH 7.5, 50 mM NH 4 Cl, 12 mM MgCl 2 , 2 mM ATP, 0.24 mM CTP, 2.8 mM ␤-mercaptoethanol) was incubated with an adequate amount (empirically determined) of crude synthetase extract from bakers' yeast (20) at 37°C for 13 min. A charging degree exceeding 50% is suitable for subsequent assays.
The RNaseA protection assay was performed by mixing 0.5 mM phosphoenolpyruvate, 0.1 mg/ml pyruvate kinase, 10 M GTP, 2 M EF-Tu⅐GDP in buffer F (50 mM Tris-Cl, pH 7.0, 100 mM KCl, 40 mM NH 4 Cl, 7 mM MgCl 2 , 2 mM dithiothreitol, 0.1 mM EDTA) and incubating the mixture at 4°C for 1 h. An equal volume of [
14 C]Phe-tRNA Phe (0.6 M) in buffer F was added, and the mixture was incubated at 30°C for 10 min allowing the ternary complex, EF-Tu⅐GTP⅐Phe-tRNA Phe , to form. RNaseA was added to a concentration of 10 g/l, and the ternary complex degradation was followed on ice by successive withdrawal of samples containing 25 pmol of EF-Tu into ice-cold 10% trichloroacetic acid. After 10 min, samples were filtered through nitrocellulose filters, which were then washed with 3 ml of 10% trichloroacetic acid and counted. First-order kinetics was assumed, and the apparent dissociation rate constant, k Ϫ1 , was determined as the slope of a plot of Ϫln(C t / C 0 ) versus reaction time. C t and C 0 denote the concentration of ternary complex at time t and time 0, respectively.
The nonenzymatic hydrolysis assay was carried out essentially as described by Andersen and Wiborg (21) . The half-life, t1 ⁄2 , of the aminoacyl bond was determined as ln(2)/slope of a representation of Ϫln(C t / C 0 ) versus time.
GTPase Activity-The intrinsic GTPase activity was examined by determination of K m and k cat for the one-round reaction as described by Parmeggiani and Sander (22) . Prior to the assay, EF-Tu⅐GDP was converted to EF-Tu⅐GTP by incubation with phosphoenolpyruvate and pyruvate kinase. The assay was carried out at 30°C. The concentration of EF-Tu was fixed at 0.3 M, and the concentraion of [␥-32 P]GTP (500 -1500 dpm/pmol) was varied within the range of 1-25 M. The kinetic parameters K m and k cat were determined from the resulting data set presented in a Hanes plot. Michaelis-Menten kinetics are assumed.
RESULTS
Purification, Activity, and Stability-The yields of the different purified EF-Tu species were 1 Ϯ 0.2 mg/g wet cell paste. The amount of active protein was 60 -80% of the total protein concentration estimated after the Bradford procedure (23) . The temperature at which the amount of active EF-Tu⅐GDP is reduced to 50%, , is 53°C for wild-type EF-Tu and all of the mutants (data not shown). for EF-Tu⅐GTP is 45°C for the wild type and the mutant K4E and 40°C for the mutants K4A, K9A, and K9E. The following assays were therefore performed at 30°C or below.
Interaction with GDP and GTP-The apparent dissociation rate constants, k Ϫ1 , for the EF-Tu⅐GDP complexes of the mutants do not differ significantly from those of the wild-type EF-Tu complex. Slight increases are observed for k Ϫ1 (GTP) with the largest deviance observed for the mutant K9E (Table  I) .
The apparent association rate constants, k ϩ1 , of the binary complexes with both GDP and GTP are lowered for all of the mutants, but the decreases are most pronounced for the Lys 9 mutants (Table I ). The introduction of a glutamate causes the largest effect at position 9, whereas the identity of the intro- duced amino acid is of no importance at position 4.
The dissociation constants, K d , summarizing the overall effect of the mutations on the nucleotide affinities were calculated as k Ϫ1 /k ϩ1 ( Table I ). The most dramatic effect is observed for the mutant K9E, for which the affinity for GDP and GTP has been reduced 30-and 75-fold, respectively.
The Ternary Complex-The apparent dissociation rate constant, k Ϫ1 , for dissociation of the ternary complex was determined using the RNase digestion assay, in which the protective effect of EF-Tu on the aminoacyl bond of aa-tRNA was measured ( Fig. 2 and Table II ). The mutant K9E offers no protection of the aa-tRNA at all, whereas K4A protects with the same efficiency as wild-type EF-Tu. The two other mutants, K4E and K9A, fall in between these two extremities.
The half-lives for the spontaneous hydrolysis of the aminoacyl bond are calculated from Fig. 3 and given in Table II . The results resemble those of the RNaseA protection assay, but in this case the mutants K4E and K9A resemble the wild type more than in the RNaseA protection assay. This is seen most clearly in Figs. 2 and 3 , which more readily enable an evaluation of the results within the frame of the limits of each assay. The span of the nonenzymatic hydrolysis assay is seen to be wider (the ratio between the wild type and the blank is 70) than that of the RNaseA protection assay (the corresponding ratio is only 8). A 2-fold difference in the RNaseA protection assay, as observed for the mutant K9A, is thus comparable with a 18-fold difference in the nonenzymatic hydrolysis assay.
Intrinsic GTPase Activity-The parameters characterizing the intrinsic GTPase activity, K m and k cat , were determined from Hanes plots. The results are summarized in Table III . The Michaelis-Menten constants, K m , are slightly increased for the mutants K4A and K4E and further increased for mutants K9E and K9A, indicating that the stability of the substrate complexes, EF-Tu⅐GTP, are lowered for the mutants. Minor increases are also observed for the rate constants of product formation, k cat . The k cat /K m value, the apparent second-order rate constant of substrate complex formation, is not affected by the mutations. Overall, the observed kinetic parameters of the intrinsic GTPase activity for the mutants are not significantly changed compared with the wild type. DISCUSSION We have investigated the function of the N-terminal region of elongation factor Tu by production and characterization of the four point mutants, K4A, K4E, K9A, and K9E.
The recombinant proteins behave like the wild-type protein with respect to temperature stability in the EF-Tu⅐GDP conformation, whereas slight destabilizations are seen for mutants K4A, K9A, and K9E in the EF-Tu⅐GTP conformation. Overall, the structures of the mutants can be considered to be maintained in both conformations excluding any long range effects caused by the substitutions. This is supported by the finding that the GTPase activity and k Ϫ1 (GDP) are not changed significantly by any of the mutations.
The enzymatic hydrolysis protection assay and the nonenzymatic hydrolysis protection assay revealed that aa-tRNA binding is severely impaired for K9E. Also the mutants K4E and K9A have a reduced ability to protect aa-tRNA. K4A, on the other hand, does not show a noteworthy change compared with the wild type in its capacity to protect the aminoacyl bond. Thus it appears that both Lys 4 and Lys 9 are involved in the binding of aa-tRNA, although Lys 9 seems to play the more important role.
The crystal structure of the ternary complex, EF-Tu⅐GTP⅐aa-tRNA, composed of EF-Tu from Thermus aquaticus and PhetRNA
Phe from yeast has been solved recently (8, 11), allowing a structural evaluation of our biochemical data. In the following,
TABLE I Dissociation and association rate constants determined at 0°C
The results shown are the averages of at least three determinations. It is our general experience that it is more difficult to work with GTP than with GDP and that k Ϫ1 is determined with a higher accuracy than k ϩ1 . This tendency is found in this study as well as seen from the standard deviations. The K d values are calculated as k Ϫ1 /k ϩ1 . GDP GTP 2 . Determination of the apparent dissociation rate constant for the ternary complex using the RNaseA protection assay. q, wild-type EF-Tu; E, K4E; ϫ, K4A; f, K9E; Ⅺ, K9A; OE, free aa-tRNA. C t and C 0 denote the concentration of ternary complex at time t and the initial concentration, respectively. The results are given in Table II .
TABLE II Parameters characterizing the interaction between EF-Tu and Phe-tRNA Phe
All results are obtained in several independent assays, and the values given are the average and the corresponding standard deviation. The apparent k Ϫ1 was obtained by use of the RNase protection assay, and the half-lives of the amino acyl bonds were found in the nonenzymatic hydrolysis assay. the corresponding E. coli EF-Tu residues will be given in parentheses when different. The structure of the ternary complex reveals that none of the basic residues of the N-terminal region are in direct contact with the aa-tRNA (Fig. 1) . Glu 4 (Lys 4 ) is solvent exposed, whereas the side chain of Lys 9 is part of a tight network of interactions (Fig. 4) 65 (38 -64) ). The amino acids 1-10 constitute a coiled structure protruding from domain 1 and contacting the surface of domain 2. The major binding to domain 2 takes place via a double salt bridge formed between the side chains of Arg 7 and Asp 284 (Glu 272 ). In this way, the effector region is connected to domain 2 via the C-terminal of ␤-strand b and the extreme N-terminal region. In another study (24) , we have shown that Arg 7 is important for the stabilization of the GTP conformation of EF-Tu and essential for the concomitant binding of aa-tRNA. Lys 9 is not essential but is important for fine tuning the dimensions of the cleft into which the aminoacyl end of aa-tRNA is docked via the intricate network of salt bridges and hydrogen bonds described above.
Also Phe 5 may play a role in stabilizing the interaction between domains 1 and 2. This phenylalanine points inward and establishes a hydrophobic cluster with ) makes a salt bridge with Glu 69 (Glu 68 ), thereby enhancing the interaction further. All of the mentioned residues are well conserved, emphasizing the importance of the connection between the two domains established via the N-terminal region.
K4E and K9A are impaired more strongly with respect to their ability to protect against hydrolysis by RNaseA than with respect to their ability to protect against nonenzymatic hydrolysis (compare Figs. 2 and 3) . On the other hand, K9E, is affected almost equally in both assays. The K9E mutation is dramatic in terms of charge, showing that when the connection between domain 2 and the effector region is not only interrupted but kept apart by force (repulsion), EF-Tu becomes unable to protect aa-tRNA. Less drastic mutations like K4E and K9A affect the protection pattern in a more delicate manner, showing that the roles of these residues are to adjust the binding of aa-tRNA rather than a direct involvement in the binding of aa-tRNA as in the case of Arg 7 . The 3Ј-CCA-Phe end is docked into the cleft between domains 1 and 2. The amino acid is positioned in a pocket formed by the side chains of Phe against nonenzymatic hydrolysis within the ternary complex. q, wild-type EF-Tu; E, K4E; ϫ, K4A; f, K9E; Ⅺ, K9A; OE, free aa-tRNA. C t and C 0 represent the concentration of ternary complex at time t and the initial concentration of the complex, respectively. The results in terms of t1 ⁄2 are given in Table II . tations K4E and K9A also affect the binding of the tRNA, in particular the part of tRNA attacked by RNaseA. This phenomenon could well be caused by a misfolding of the effector regions of the mutants. Lys 2 and Lys 4 have been found to be protected against chemical modification by ethyl acetimidate when EF-Tu⅐GTP is in complex with aminoacyl-tRNA (9). This is not in accord with either the structure of the ternary complex (8) or our results (Ref. 24 and this study). These lysines are located in an environment, which changes dramatically depending upon the functional state of EF-Tu. Apparently, it is these conformational changes rather than a shielding by aa-tRNA that is reflected in the modification study, illustrating the danger of interpreting chemical reactivity studies without structural information.
The Lys 9 mutants are affected with respect to association of guanine nucleotides. A glutamate at position 9 strongly decreases k ϩ1 of both GDP and GTP. A smaller effect is obtained upon introduction of an alanine. These results indicate that Lys 9 either plays a role in the stabilization of the nucleotidefree form of EF-Tu or is involved in part of the structural rearrangements taking place upon nucleotide binding. The stabilizing role of Lys 9 is apparently dependent upon an electrostatic interaction. The structures of the N-terminal regions of EF-Tu in complex with either GDPNP alone or GDPNP⅐Phe-tRNA are equivalent within the limitations of the method of x-ray crystallography. All of the interactions described for the ternary complex apply to the active form as well. Therefore, the effect observed on association with GTP is likely to be caused by the disruption of the salt bridge between Lys 9 and Glu
71
(Asp 70 ). In contrast, k ϩ1 (GDP) of K4E is equal to the wild-type value, whereas that of K4A is halved, suggesting that the residue is exposed to the solvent and that the hydrophilic character of the side chain is more important than the actual property of the charge. In T. aquaticus, this residue is a glutamate supporting this assumption. The mutations to alanine or glutamate at position 4 do not affect association of the EFTu⅐GTP complex.
Our data suggest that Lys 9 is involved in a late rearrangement step taking place upon binding of a nucleotide. If the N-terminal region were involved in an earlier stage of nucleotide binding, then the stability and the GTPase activity of the mutants would probably have been impaired, too.
The structural interpretation of our results on nucleotide interaction is unfortunately incomplete due to the absence of the N-terminal region in the structures of EF-Tu in complex with GDP and EF-Ts. The connection between domains 1 and 2 would be impossible in the GDP form, whereas the contact between the N-terminal region and the effector region via Glu 71 (Asp 70 ) might be present. It is, however, difficult to interpret exactly how the connection to the effector region is formed in E. coli EF-Tu⅐GDP as the only structure available of intact EF-Tu in its inactive form is of EF-Tu from T. aquaticus. The EF-Tu molecules from these two sources have no homology in the beginning of their effector regions. The structure of the effector region is strongly dependent upon the identity of the bound nucleotide (3). The effector region and ␤-strand b describe a curve starting at Asp 39 (Thr 39 ) and ending at Thr 72 (Thr 71 ). The curve is "held together" by a hydrogen bond formed between its two extremities. The effects of the Lys 9 mutants on nucleotide binding could be caused by an inability of the effector region to adjust its structure properly when its anchorage to the Nterminal is lost.
The effects of the Lys 4 mutations on GDP/GTP binding are very small. However, it seems likely that the function of the residues 1-4 is to ensure that the residues 5-9 are in the correct conformation for entering into the network of interactions described above. This conclusion is supported by a study of mutants of the solvent-exposed Lys 2 (24) , which are affected in their formation of the GTP complex, but to a lower extent than the similar Lys 4 mutations. In summary, we draw the following conclusions on the basis of the results presented herein. Lys 4 plays a role in the association of GDP and GTP probably by influencing the conformations of Arg 7 and Lys 9 . The residue is also of some importance in aa-tRNA binding. A connection from the effector region of domain 1 to domain 2 is established through Arg 7 and Lys 9 of the N-terminal region, which thereby acts as a molecular "hasp" locking domains 1 and 2 together probably in a late step of nucleotide association. The presence of the hasp is important for the binding of guanine nucleotides and aa-tRNA. The complex network of interactions across the interface between domains 1 and 2 with Lys 9 being a key residue thus seems to be important for the fine tuning of the dimensions of the cleft accommodating the acceptor end of aa-tRNA as well as delineating the structure of the effector region. This work illustrates satisfyingly the interrelation of structural and biochemical studies for the exploration of the biological activity of a macromolecule.
